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A B S T R A C T
Introduction: We asked whether conﬂicting visual cues inﬂuences gait initiation, gait inhibition and
postural control in Parkinson’s disease (PD) between freezers, non-freezers and healthy older adults.
Methods: Twenty-ﬁve PD participants on dopaminergic medication and 17 healthy older adults were
asked to initiate or refrain gait depending on visual cues: green GO (GG), green STOP (GS), red GO (RG),
red STOP (RS). Center of pressure (CoP) displacement, variability and mean velocity (VCoP) in the
anterior-posterior (AP) and medial-lateral (ML) directions and movement time (MT) were measured.
Results: Gait initiation: Both freezers and non-freezers were different from controls in GG and GS. In GS,
freezers had smaller CoP displacement and velocity in both directions (p < 0.01), while non-freezers had
smaller VCoP in AP and ML (p < 0.01). AP CoP displacement in GS was smaller in freezers compared to
non-freezers (p < 0.05). Freezers had longer MT compared to controls in GG and compared to both groups
in GS (p < 0.01). Gait inhibition: Controls and freezers had larger CoP displacement variability (p < 0.05)
and velocity (p < 0.01) in both directions in RG compared to RS. No differences were seen in non-freezers.
Three freezers initiated walking during the RG or RS conditions.
Conclusion: Freezers were in general slower at initiating gait, displayed a more restrictive postural
strategy and were more affected by the conﬂicting conditions compared to both controls and non-
freezers. In freezers, the conﬂicting visual cues may have increased the cognitive load enough to provoke
delays in processing the visual information and implementing the appropriate motor program.
ã 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Along with turning and walking into narrow spaces such as
doorways, gait initiation (GI) is known as one of the main triggers
of freezing of gait (FoG). The asymmetric nature of GI and the
complex interplay between postural stability and locomotion [1]
could explain the highest occurrence of FoG in GI compared to
steady state walking. As FoG has been associated with high risks of
postural instability, falls and gait asymmetry [2–5], controlling
postural stability during GI could interfere with the stepping
activity in individuals with FoG.
Anticipatory postural adjustments (APAs) are critical to prepare
GI, and were reported to be smaller and slower in PD compared to* Corresponding author at: School of Human Kinetics, Faculty of Health Sciences,
University of Ottawa, 125 rue Université, Pavillon Montpetit, MNT 353, Ottawa, K1N
6N5, Canada.
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0966-6362/ã 2016 The Authors. Published by Elsevier B.V. This is an open access article unhealthy older adults [6,7], due to deﬁcits in posture-locomotion
coupling [1,8]. Furthermore, absence of APAs and disruption of
spatial-temporal coordination between the APAs and the actual
stepping have been associated with FoG [6,8,9]. Cognitive
functions also play a main role in GI. Although the underlying
mechanisms are still not well understood freezers and individuals
with postural instability and gait disturbances may be at higher
risks of developing mild cognitive impairments (MCI) as well as
dementia compared to tremor dominant individuals [10–13]. FoG
has also been strongly associated with deﬁcits in visual-spatial
processing and with structural deﬁcits in executive functions,
leading to impairments in set-shifting and inhibition function
[14–18].
Using incongruous visual cues to assess the effect of age on step
response inhibition, Sparto et al., [19,20] showed greater variabili-
ty, more postural adjustment errors and step initiation latencies in
older adults compared to younger adults [19]. The authors
suggested that deﬁcits in inhibitory function could affect decision
processing and delay voluntary step responses [20]. Cohen et al.,der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Freezing of gait (FoG) questionnaire, Montreal Cognitive Assessment (MoCA) and
Trail Making B-A in freezers and non-freezers.
Non-Freezers Freezers P values
FoG questionnaire 1.0  1.0 9.7  5.1 0.000
MoCA 27.0  1.7 25.3  3.4 0.071
Trail making B-A (s) 29  23 70.3  54.2 0.026
Trail making B-A (%) 201  69.1 286.3  134.4 0.066
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with inhibitory control in freezers compared to non-freezers.
However, it is not known how conﬂicting visual cues would affect
GI and inhibition in freezers and non-freezers. GI is an insightful
model to assess postural mechanisms in older adults and in PD
[19,22], and could provide insights regarding the association
between postural instability, FoG and MCI in PD.
Our main objective is to compare GI and gait inhibition between
healthy older adults, freezers and non-freezers when presented
with conﬂicting and non-conﬂicting visual cues. We expect GI and
postural stability in freezers to be more affected, i.e. showing
slower GI or increased occurrence of FoG, in the conﬂicting cues
compared to both non-freezers and older adults.
2. Methods
Twenty-ﬁve participants with PD and 17 healthy older adults
(age:66.3 sd:9.5, 13 women) participated in the study. PD
participants were recruited from the Parkinson's disease and
Movement Disorders Clinic of the Ottawa Hospital Research
Institute. Inclusion criteria: no history of orthopedic/musculoskel-
etal impairments, or neurological conditions other then Parkin-
son’s disease that could impact balance and gait. Testing was
performed in the optimally medicated state (dopaminergic
medications). PD subjects were divided into freezer (age:69.5,
sd:6.2, disease duration: 7.9y, sd:5.3y, n = 12, 1 women) and non-
freezer (age: 62.9, sd: 10.8, disease duration: 5.4y, sd: 3.8y, n = 13, 2
women) according to the FOG questionnaire. Freezer had to report
freezing “about once a week” or more. Controls were excluded if
they reported previous surgeries and/or impairments that could
interfere with gait and balance. The study was approved by our
Institutional Review Board. Participants gave their written consent.
PD severity was assessed using the Uniﬁed Parkinson’s Disease
Rating Scale (UPDRS) III, (motor disability). Participants performed
the Montreal Cognitive Assessment (MoCA) to determine MCI, i.e.
scores below 26. Trail-making A and B were performed to assess
executive function and cognitive ﬂexibility.
Participants stood quietly on a force platform with their feet at a
comfortable width and looking straight ahead at a large landscape
(3 m x 4m) projected on a wall 15 m away. Following a visual cue,
participants had to promptly initiate walking over 10 m or stay
quietly on the force platform. Participants were presented with
two non-conﬂicting and two conﬂicting cues. Adapted from the
Stroop Colour and Word test, visual cues were as follow: Green Go
(GG), Red Stop (RS), Green Stop (GS) and Red GO (RG). Participants
were instructed to start walking when the green signals, GG and
GS, were presented, and had to remain on the force platform for
30 s when presented with the red signals, RS and RG. Before each
trial, participants were asked to “get ready”, after which a 1 s to 5 s
delay was randomly introduced before the projection of the visual
cue. The order of the visual cues was randomized and performed
twice.
2.1. Data acquisition and reduction
Ground reaction forces and moments were collected using one
force platform (Kistler, Winterthur, Switzerland) recording at a
sampling frequency of 200 Hz. Data were ﬁltered with a zero-lag
fourth-order Butterworth ﬁlter with a 10 Hz cut-off frequency. The
time-varying position of the CoP under each foot was calculated
using the orthogonal forces and moments on the force plate. The
CoP displacement amplitude (in mm), CoP displacement root-
mean-square (RMSCoP) and mean velocity (VCoP) (mm/s) were
calculated in the anterior-posterior (AP) and medial-lateral (ML)
directions. Movement time (MT), from the beginning of theanticipatory postural adjustments (APAs), to the toe off of the
trailing leg, was determined for each GI trial.
2.2. Statistics
Mixed model for repeated measures were used to determine
differences between groups and between conditions for postural
stability during the RS and RG trials and for the GIs trials (GG, GS).
Bonferroni post-hoc procedures were used. One-way ANOVAs
were used to compare age and MoCA scores between the three
groups and Student t-test were used to determine any difference
for disease duration and UPDRS III between PD.
3. Results
Age between the three groups (p = 0.21) and disease duration
(p = 0.20) between freezers and non-freezers were not different,
Table 1. UPDRS III (p = 0.003), FoG-Q (p < 0.001) and trail-making
B-A% (p = 0.03) were larger in freezers compared to non-freezers.
MoCa was lower than 26 in six freezers and two non-freezers
(p = 0.07). Five freezers reported one or more falls in the previous 3
months compared to 1 participant in non-freezers (fell once). Two
freezers reported falling once, 2 reported falling twice and 1
reported falling three times. Two freezers started walking on the
RG signal, one freezer went once on a RS signal and 3 freezers did
not go on a GS signal. Non-freezers and controls performed the
tasks as instructed.
3.1. Gait initiation
CoP displacement amplitude in the ML direction showed no
main effect for condition F(1, 35) = 0.514, p = 0.478, while a main
effect for group was found F(2,35) = 39.46, p < 0.001, Table 2.
Multiple comparisons revealed larger CoP displacement amplitude
in controls compared to freezers and non-freezers in GG and GS
trials p < 0.001. No difference was seen between freezers and non-
freezers. For the displacement amplitude in the AP direction, an
interaction was shown between conditions and groups
F(2, 35) = 5.441, p = 0.009. Multiple comparisons revealed larger
displacement amplitude in controls compared to non-freezers in
GG (p = 0.04) and compared to freezers in GS (p = 0.007). In the GS
condition non-freezers had larger displacement amplitude com-
pared to freezers (p = 0.03). Non-freezers showed larger displace-
ment in GS compared to GG (p = 0.03). A main effect for group was
seen for VCoP in ML F(2,35) = 18.86, p < 0.001. Controls were faster
compared to freezers and non-freezers (p < 0.001). Controls had
larger VCoP compared to freezers in GG (p = 0.022) and compared
to both groups in GS (p < 0.001). No differences were seen between
freezers and non-freezers (p = 0.110). A main effect for group was
found in VCoP AP F(2,35) = 10.88, p < 0.001. Multiple comparisons
showed faster displacement in controls compared to freezers and
non-freezers during the GS trials (p < 0.001). No difference was
seen between PD participants and no main effect was found for
task.
Finally, movement time showed a task-group interaction F
(2,35) = 3.98, p = 0.028. Freezers took more time during GG
Table 2
Center of pressure (CoP) displacement amplitude (mm) and CoP velocity (mm/s) in the medial-lateral (ML) and anterior-posterior directions for Controls and individuals with
Parkinson’s disease (PD) during the Green Go and Green Stop trials.
Controls Non-Freezers Freezers
Green Go Green Stop Green Go Green Stop Green Go Green Stop
Range CoP (mm) ML 2.85  0.54 2.76  0.48 1.46  0.40y 1.43  0.30y 1.76  0.77y 1.76  0.47y
AP 2.35  0.45 2.28  0.35 1.88  0.31*,y 2.21  0.50 1.97  0.66 1.74  0.34z,y
Speed (mm/s) ML 1.60  0.44 1.62  0.98 0.86  1.25 0.23  0.17y 0.69  0.79y 0.26  0.16y
AP 1.52  0.78 1.28  0.57 1.02  1.36 0.42  0.31y 0.78  0.84 0.33  0.19y
Contact (s) 2.33  0.17* 2.49  0.28 2.51  0.23 2.61  0.32 2.74  0.31*,y 3.81  1.4z,y
p < 0.05.
y Signiﬁcantly different from Controls.
z Signiﬁcantly different from non-freezers.
* GS different from GG.
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non-freezers (p = 0.06). Freezers took more time in GS compared to
controls (p < 0.001) and non-freezers (p = 0.002). No difference
was seen between non-freezers and controls. Both controls
(p = 0.01) and freezers (p = 0.02) took more time to complete the
task in the GS condition. No difference was seen in non-freezers.
3.2. Gait inhibition
CoP in ML showed a main effect for task F(1, 37) = 10.163,
p = 0.003, with controls and freezers displaying smaller displace-
ment variability during RS compared to RG trials (p  0.05), Table 3.
CoP in AP showed effect for both task F(1,37) = 8.624, p = 0.006 and
group F(2,37) = 3.779, p = 0.032. Controls showed a trend for larger
displacement variability compared to non-freezers in RG (p = 0.07).
No differences were seen between controls and freezers or
between freezers and non-freezers. Both controls and freezers
had smaller displacement variability in RS compared to RG
(p < 0.05). VCoP in ML also showed main effects for task
F(1,37) = 8.437, p = 0.006 and group F(2,37) = 4.109, p = 0.024, with
controls showing a trend for larger velocity compared to non-
freezers in RG (p = 0.07), but not during the RS or compared to
freezers. No difference was seen between freezers and non-
freezers. Both controls and freezers had smaller VCoP in RS
compared to RG (p < 0.05). Finally, VCoP in AP showed a task-group
interaction F(2, 37) = 3.218, p = 0.05. Controls had larger VCoP in RG
compared to both freezers and non-freezers (p < 0.01). In RS VCoP
was also larger in controls compared to freezers (p = 0.001) and
non-freezers (p = 0.05). No difference was seen between freezers
and non-freezers. Both controls and freezers had smaller CoP
velocity (p < 0.01) in RS compared to RG conditions. No differences
were seen in non-freezers.
4. Discussion
The objectives were to determine the effect of conﬂicting visual
cues on GI and gait inhibition between freezers, non-freezers and
older adults. During the GG condition, freezers showed smaller ML
CoP displacement and velocity compared to controls, whileTable 3
Center of pressure (CoP) root mean square (RMS) displacement (mm) and CoP velocity
Controls N
Red GO Red STOP R
CoP (mm) ML 7.55  6.03 5.02  2.70* 5
AP 11.37  6.71 76.35  2.34* 6
VCoP (mm/s) ML 11.40  8.42 69.47  2.98* 6
AP 16.82  7.10 11.98  3.09* 9
y Signiﬁcantly different from Controls.
* GS different from GG. p < 0.05.displacement and velocity in both ML and AP directions were
smaller when presented with conﬂicting visual cues. In this latter
condition, AP CoP displacement was also smaller compared to non-
freezers. In non-freezers, the GG led to smaller displacement in the
ML and AP directions, while the conﬂicting condition led to smaller
velocity in AP and ML directions compared to controls. Contact
time was larger in freezers compared to non-freezers and controls
independently of the conditions. As for the gait inhibition
conditions, controls and freezers had larger CoP displacement
variability and velocity in both directions in the conﬂicting
conditions compared to the non-conﬂicting condition. Finally,
performance errors were seen only in freezers.
4.1. Freezers and non-freezers use different postural strategies than
controls during GI in both non-conﬂicting and conﬂicting conditions
The smaller displacement in the medial-lateral direction during
GI in PD during the conﬂicting and non-conﬂicting condition is in
agreement with previous studies [23]. Standing-to-walking
transition requests to deliberately disrupt balance to move the
center of masse out of the base of support. This requires to closely
regulating postural balance to avoid postural instability and allow
efﬁcient GI [1,8]. In non-freezer, the smaller CoP displacement
suggests that participants might have needed to enhance the
control over the center of mass when initiating gait. This is
consistent with previous studies reporting that individuals with PD
might prioritize postural stability over forward propulsion in tasks
involving postural transitions such as GI [1,24]. In freezers, both
displacement amplitude and velocity were smaller compared to
controls during the non-conﬂicting condition (GG), but only in the
medial-lateral direction. As large displacement and even more so
large velocity in the medial-lateral direction have been associated
with postural instability and falls in older adults and in individuals
with PD [14,25,26], restricting displacement and velocity in this
speciﬁc direction could have been used in freezers to enhance
stability in this direction and thus assure safe forward progression.
However, it has been shown that this strategy could in fact increase
the risks of falls as it reduces the ability to efﬁciently modify the
motor program when needed, e.g. in response to external or (mm/s) for Controls, non-freezers and freezers.
on-Freezers Freezers
ed GO Red STOP Red GO Red STOP
.24  2.96 4.70  2.17 6.64  4.06 3.60  1.33*
.98  2.51 6.99  2.69 7.93  3.28 6.03  2.17*
.23  32.59 6.09  2.86 7.10  2.68 4.78  1.81*
.38  3.37y 9.41 3.27y 10.24  2.89y 7.54  2.11*,y
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velocity in both directions decreased further potentially to increase
postural stability during the conﬂicting condition.
4.2. GI differentiates freezers than non-freezers when presented with
conﬂicting visual cues
GI during the conﬂicting condition was even more closely
regulated in freezers, with displacement and velocity in both
directions being smaller compared to controls and displacement in
the AP direction discriminating between freezers and non-
freezers. Furthermore, freezers took more time to complete GI
compared to both controls and non-freezers in both non-
conﬂicting and conﬂicting conditions. They also took more time
during the conﬂicting condition compared to the non-conﬂicting
condition. As GI is one of the main triggers of FoG, the larger time to
complete the task in freezers could have been indicative of FoG.
However, none of the participants reported freezing during the
protocol. This was conﬁrmed as none of the typical characteristics
of freezing episodes, such as repeated and incomplete load-unload
or trembling of the leg [3–5,9,14], were detected visually or on the
force platform. Therefore, this results may be mostly attributable
to freezers being slower to complete the motor program, but also
slower to process the visual cues and select the appropriate motor
program, especially in the conﬂicting conditions. These results are
similar to those by Uemera et al., [28] who reported longer time to
process incongruent visual information, generate the adequate
motor program and a larger number of errors in the motor program
when presented with incongruent in young adults. However,
freezers might have been more affected by the conﬂicting visual
cues compared to both non-freezers and controls. It was previously
reported that deﬁcits in visuospatial processing and reasoning
could differentiate between freezers from non-freezers [14].
Therefore, in presence of conﬂicting visual cues, freezers may
necessitate a more restrictive postural strategy to assure postural
balance while processing the conﬂicting visual information and
generating the appropriate motor pattern. However, the present
protocol does not allow distinguishing between the speciﬁc impact
of deﬁcits in visuospatial processing and the overall cognitive
functions.
Despite that disease duration was not signiﬁcantly different
between the PD groups, Trail Making B-A and the MOCA scores
were in average poorer in freezers. The Trail making B-A is one of
the most common tests used to assess executive functions.
Cognitive abilities such as attention, visual search, abstraction,
shifting and ﬂexibility are also needed to succeed in completing the
task. In freezers, different deﬁcits in the cognitive functions may
have led to the longer response time and occurrence of errors
during GI and especially when the motor program had to be
modiﬁed according to the conﬂicting visual cues. Furthermore, six
individuals had a MoCA score below 26 compared to two in the
non-freezers group. This could account for the larger number of
errors displayed in freezers when provided with the conﬂicting
cues, as two of the three participants that did not go on the GS
signal had a MOCA score below the threshold for MCI. However,
three of the participants in the freezer group and two in the non-
freezer group with lower MOCA scores were able to perform the
task as instructed, which suggests that other variables need to be
taken into account to explain failure to perform the tasks
successfully.
4.3. Freezers have difﬁculties inhibiting gait when presented with
conﬂicting visual cues
Both controls and freezers had larger CoP displacement and
velocity in the conﬂicting gait inhibition condition compared to thenon-conﬂicting condition. Participants in these two groups may
have chosen to implement the motor program for GI indepen-
dently of the cues presented and inhibited it when necessary. This
postural strategy seems appropriate in healthy individuals that can
efﬁciently modify the motor program. However, the occurrence of
errors in freezers is indicative of an inability to efﬁciently modify
the motor program when gait as to be inhibited, especially in those
with more important gait deﬁcits and/or MCI. It has been
suggested that deﬁcits in inhibitory functions could be responsible
for increasing time to complete the ﬁrst step during GI and larger
number of errors in postural responses when multiple stimulus-
response possibilities are presented [19]. The number of errors in
the freezer group in GI, but also in condition when gait had to be
inhibited may illustrate a greater deﬁcit in inhibition function in
freezers compared to non-freezers as previously reported [21].
Furthermore, our results emphasized the impact of cognitive
dysfunctions in generating incorrect motor program when
presented with conﬂicting visual cues, and during non-conﬂicting
visual cues when different options were possible. However, it is
difﬁcult to determine which of the inhibitory or visual-processing
dysfunctions were mainly responsible for the errors in freezers.
Non-freezers did not show difference in postural control during
the gait inhibition conditions. Non-freezers may have selected a
more conservative postural strategy that provided them the
appropriate amount of time to process the visual information and
select the appropriate motor response. This strategy could have
allowed them to minimize the number of errors, while still
efﬁciently initiating gait.
5. Conclusion
Overall, during GI freezers used a more restrictive postural
strategy and were slower compared to both controls and non-
freezers. Freezers were also slower to initiate gait during the
conﬂicting condition compared to the non-conﬂicting condition
and only participants in this group implemented inappropriate
motor programs both during GI and gait inhibition. Individuals
with FoG may have been slower at processing the visual
information and implementing the appropriate motor program,
which is consistent with presence of cognitive impairments in this
group. Similarly to controls but contrary to non-freezers, freezers
had larger displacement and velocity during the conﬂicting
condition when gait had to be inhibited, which suggests that they
could have been preparing to initiate gait independently of the cue
and modify the motor response when needed. However, the
occurrence of errors in freezers is indicative of an inability to
efﬁciently modify the motor program when the visual cue was
different from expected and may worsened in individuals with gait
deﬁcits and MCI. This information is important when developing
rehabilitation programs to improve functional mobility in PD.
Programs targeting the overall postural stability could be indicated
in both freezers and non-freezers. However, special attention to
improving the ability to implement adequate postural strategies in
challenging contexts could be particularly relevant in individuals
with FoG, as ﬂexibility in adapting postural strategy may be
determinant in preventing falls.
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